Abstract: A method of deicing using microwave heating is proposed to make scientific and economical road deicing in a cold area, and to make up for deficiencies in the existing methods for melting snow and ice. This paper proposes to define microwave deicing efficiency as the heating rate of a concrete surface when heated to 0 • C (the efficiency of deicing is equal to the difference divided by heating time, which is between 0 • C and the initial temperature at the junction of ice and concrete). Based on the mechanism of microwave heating and deicing, a method combining the finite element simulation model with indoor experiments was proposed to study the deicing efficiency of microwaves, and the effects of different microwave frequencies and different road structure materials on microwave deicing efficiency were analyzed. The results show that the microwave frequency and road structure materials have a great influence on microwave deicing. For asphalt concrete, the ice melting efficiency of 5.8 GHz is 4.31 times that of 2.45 GHz, but the heating depth is less than that of 2.45 GHz. At 2.45 GHz, the melting efficiency of cement concrete is 3.89 times that of asphalt concrete. At 5.8 GHz, the melting efficiency of cement concrete is 5.23 times that of asphalt concrete. Through the consistency of the simulation and experimental results, the validity of the simulation model based on the finite element theory is verified. The results provide theoretical guidance and a practical basis for future applications of microwave deicing.
Introduction
The snow-icing phenomenon of roads is a common and urgent problem, which is serious in North America, northern Europe, Russia, and northeast China. At present, countries generally use mechanical snow removal or a snow melting agent for melting ice [1] . The snow removal efficiency of traditional machinery is high, but most of them are only suitable for removing fresh snow that has not been roller compacted. The removal efficiency of thin or thicker ice accumulations on frozen road sections is not ideal, and the road surface is seriously damaged by forced eradication, resulting in additional costs for road maintenance [2, 3] . The vast majority of snow melting agents are inefficient, costly, and are pollutants, causing serious corrosion to pavements and bridge decks [4] . Considering the harm of ice and snow in cold areas to road traffic and the defects of existing snowmelt ice methods, how to the analysis of the mechanism of microwave heating and deicing, the effects of different microwave frequencies and different road structure materials on microwave deicing efficiency are analyzed. Based on the finite element theory, a simulation model is established to analyze the influencing factors of the deicing efficiency, and the simulation model is verified by an indoor experiment. The accuracy of the model is proved. It provides theoretical guidance and a practical basis for the popularization and application of microwave deicing technology.
Mechanism Analysis

Microwave Heating Principle
A microwave is a kind of electromagnetic wave, its frequency range is 0.3 GHz-300 GHz, and its wavelength range is 0.001 m-1 m. This difference is usually related to the complex permittivity of the material, especially the size of the loss angle constant, tan δ. The higher the loss angle constant, tan δ, the material has, the stronger the ability of absorbing microwave energy into heat. On the contrary, the weaker it is.
Dielectric materials contain non-polar molecules and polar molecules. The polar molecules in the medium are generally randomly distributed, and they are rearranged in the direction of the polarity of the electric field when in an electromagnetic field. Under the action of high-frequency alternating electromagnetic fields, polar molecules generate a large amount of mutual motion and friction, thereby generating a large amount of heat. As the heat increases, the temperature of the medium continuously rises. Figure 1 shows the polarization profile of the medium in an electric field. 
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Microwave Heating Principle
A microwave is a kind of electromagnetic wave, its frequency range is 0.3 GHz-300 GHz, and its wavelength range is 0.001 m-1 m. This difference is usually related to the complex permittivity of the material, especially the size of the loss angle constant,  tan . The higher the loss angle constant,  tan , the material has, the stronger the ability of absorbing microwave energy into heat. On the contrary, the weaker it is.
Microwave Ice Melting Mechanism
According to the theory and practice of microwave heating, it can be known that microwave heating is actually a process of consuming power, and the formula for the microwave power to be consumed for heating a unit volume of a substance is:
0.556 tan 10 r P f E (1) where P is the power consumed on a per unit volume basis; f is the microwave frequency; E is the electric field intensity; ' r  is the relative dielectric constant; and  tan is the loss angle constant.
From formula (1), the main performance parameters that affect the absorption of microwave energy by the material are the relative dielectric constant and the loss angle constant. The smaller the relative dielectric constant and the loss angle constant are, the worse the absorbing ability of the material is. Table 1 shows the relative dielectric constant and the loss angle constant of various materials. Table 1 . Relative dielectric constant and loss angle constant of materials.
Material
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Microwave Ice Melting Mechanism
where P is the power consumed on a per unit volume basis; f is the microwave frequency; E is the electric field intensity; ε r is the relative dielectric constant; and tan δ is the loss angle constant. From formula (1), the main performance parameters that affect the absorption of microwave energy by the material are the relative dielectric constant and the loss angle constant. The smaller the relative dielectric constant and the loss angle constant are, the worse the absorbing ability of the material is. Table 1 shows the relative dielectric constant and the loss angle constant of various materials. It can be seen from Table 1 that the relative dielectric constant of ice at −12 • C is 3.2, and the value of the loss angle constant is 0.0009, which is relatively small. It can be known from formula (1) that the power loss of microwaves in ice is extremely small when tan δ = 0.0009. Therefore, when microwave heating is applied to the icing of road pavements, the microwave energy is minimally depleted in the ice layer, the ice layer on the road surface hardly absorbs microwave energy, and the ice layer is equivalent to "transparent" for microwaves. Microwave energy can penetrate the ice directly, just as light can penetrate transparent glass. After the microwave penetrates the ice layer, it directly acts on the road surface. The surface materials, such as asphalt concrete and cement concrete, can absorb part of the microwave energy and convert the microwave energy into heat energy, thereby melting the ice at the junction between the road surface layer and the ice layer. When the ice at the junction is melted into water, the liquid water can also absorb microwave energy in a large amount, which will greatly accelerate the melting of the ice formed at the junction between the road surface layer and the ice layer, thereby reducing the bond stress between the ice and the surface layer. When the bond stress is zero, it will make the road deicing easier. Only by adding machinery or manpower can it be easy to remove ice from the road and achieve ice melting on the road. In actual projects, the thickness of the asphalt concrete surface layer on highways and urban roads is generally between 12-20 cm. For supporting load pavement, the thickness may be as high as 30 cm or more. When heating the asphalt concrete pavement with microwaves, the effective heating depth is generally between 0 to 15 cm. Therefore, in the simulation of asphalt concrete pavement, to simplify the simulation, when microwave heating the pavement, only the road surface layer, which is the asphalt concrete surface layer, is heated. In the two-dimensional simulation, the length and width of the simulated area are all 15 cm, and the upper layer covered 5 cm of ice.
Research Methods
Finite Element Simulation Model
(1) Two-dimensional Thermoelectric Coupling Model The thermoelectric coupling model of microwave heating asphalt concrete involves electromagnetic field control equations and heat transfer control equations. Theoretically, the heat transfer performance, dielectric properties, and magnetic permeability of asphalt concrete depend on the temperature. It is not realistic to accurately measure the relationship between all attribute parameters of asphalt concrete with temperature. Additionally, only the main attribute parameters can be selected, while the rest of the parameters are considered constant. The two-dimensional non-linear thermo-electric coupling model was established by selecting the asphalt (cement) concrete dielectric constant and the specific heat capacity, C P , as the temperature change parameters and the rest of the property parameters being constants.
(2) Assumptions in Simulating Microwave De-icing
The melting of ice and snow is a very complicated process, which involves the conversion of microwave energy into heat energy, which then conducts heat energy to the surface. To simplify the entire process of melting snow, some assumptions are made during the simulation.
The ice cover on the pavement layer is uniform; asphalt concrete characteristics of the pavement layer are uniform. Ignore the change in volume when water is formed into ice. It is considered that the whole analytical region is adiabatic on all four sides, that is, there is no heat loss. Loss of heat inside the concrete is used to heat the junction of the ice layer and the surface layer. Under microwave radiation, the sum of the absorbed microwave heat is a constant. The propagation of the microwave is propagated in the form of a plane wave.
(3) Selection of Related Parameters
According to the mechanism of microwave icing and the references related, the two-dimensional non-linear thermo-electric coupling model was established considering the asphalt (cement) concrete dielectric constant, loss angle constant, density, conductivity coefficient, and the specific heat capacity, C p , as the temperature change parameters. When using software to simulate the process of microwave melting snow, set the ambient temperature, ice temperature, and the initial temperature of the asphalt concrete to −10 • C, microwave emission power of 1000 W, frequency of 2.45 GHz, 5.8 GHz, and air convection of 12.5 W/m 3 . The relative dielectric constant and the loss angle constant of the material are shown in Table 1 , and other relevant parameters that need to be used are shown in Table 2 . The finite element simulation software, Abaqus (Abaqus6.14, SIMULIA, Providence, RI, USA), is used to simulate the heat conduction in the snow melting process. The simulation used a two-dimensional model and meshed the area, ABCD, of the simulation, as shown in Figure 2 . According to the mechanism of microwave icing and the references related, the two-dimensional non-linear thermo-electric coupling model was established considering the asphalt (cement) concrete dielectric constant, loss angle constant, density, conductivity coefficient, and the specific heat capacity, Cp, as the temperature change parameters. When using software to simulate the process of microwave melting snow, set the ambient temperature, ice temperature, and the initial temperature of the asphalt concrete to −10 °C, microwave emission power of 1000 W, frequency of 2.45 GHz, 5.8 GHz, and air convection of 12.5 W/m 3 . The relative dielectric constant and the loss angle constant of the material are shown in Table 1 , and other relevant parameters that need to be used are shown in Table 2 . The finite element simulation software, Abaqus (Abaqus6.14, SIMULIA, providence, RI, USA), is used to simulate the heat conduction in the snow melting process. The simulation used a twodimensional model and meshed the area, ABCD, of the simulation, as shown in Figure 2 . Heat transfer in asphalt concrete: In heat transfer analysis, only the heat conduction is considered, the regular of the temperature distribution, T, of the asphalt concrete changing with time is determined by the heat conduction equation, i.e.,:
where  is the asphalt concrete density; eff k is the thermal conductivity constant; and P C is the specific heat capacity, as a function of temperature. Additionally, the boundary conditions of the area is: Heat transfer in asphalt concrete: In heat transfer analysis, only the heat conduction is considered, the regular of the temperature distribution, T, of the asphalt concrete changing with time is determined by the heat conduction equation, i.e.,
where ρ is the asphalt concrete density; k eff is the thermal conductivity constant; and C P is the specific heat capacity, as a function of temperature. Additionally, the boundary conditions of the area is:
1 Boundary conditions of AE, BE, DF, and CF. Considering the microwave heating and heat transfer depth, and to simplify the simulation calculations when modeling, it is assumed that the boundary conditions of AE, BE, DF, and CF are adiabatic boundaries. The boundary condition equation is:
2 Boundary conditions of AD. Because ADEF has been ice during the entire simulation process, its temperature has remained below zero degrees Celsius. The thermal conductivity of ice is very low, as the entire system is a layer of "insulation layer". So, its boundary condition equation is:
Laboratory Experiments
According to "Technical Specifications for Construction of Highway Asphalt Pavements" (JTG F40-2004), the gradation of the mixed material using in actual engineering is selected, and the composition ratio of asphalt concrete specimens is shown in Table 3 . The ratio of oil to stone is 5%, and SBR (Styrene Butadiene Rubber) modified asphalt is used. After verifying the effect, the absorbing properties of ordinary asphalt concrete will be further studied. The coarse aggregate and fine aggregate used in this paper is the basalt and limestone, respectively, which are used commonly in highway engineering. The coarse aggregate of basalt processed by sieving is shown in Figure 3 . The aggregate is clean, dry, non-weathered, and free of impurities. After testing, the test results of various technical indicators are shown in Table 4 . The test results of various technical indexes of limestone are shown in Table 5 Considering the microwave heating and heat transfer depth, and to simplify the simulation calculations when modeling, it is assumed that the boundary conditions of AE, BE, DF, and CF are adiabatic boundaries. The boundary condition equation is:
② Boundary conditions of AD. Because ADEF has been ice during the entire simulation process, its temperature has remained below zero degrees Celsius. The thermal conductivity of ice is very low, as the entire system is a layer of "insulation layer". So, its boundary condition equation is:
According to "Technical Specifications for Construction of Highway Asphalt Pavements" (JTG F40-2004), the gradation of the mixed material using in actual engineering is selected, and the composition ratio of asphalt concrete specimens is shown in Table 3 . The ratio of oil to stone is 5%, and SBR （Styrene Butadiene Rubber）modified asphalt is used. After verifying the effect, the absorbing properties of ordinary asphalt concrete will be further studied. The coarse aggregate and fine aggregate used in this paper is the basalt and limestone, respectively, which are used commonly in highway engineering. The coarse aggregate of basalt processed by sieving is shown in Figure 3 . The aggregate is clean, dry, non-weathered, and free of impurities. After testing, the test results of various technical indicators are shown in Table 4 . The test results of various technical indexes of limestone are shown in Table 5 Needle and plate particle content (mixture) (%) The particle size is greater than 9.5 mm (%) The particle size is less than 9.5 mm (%) ≯15% ≯12% ≯18% The rutting plate specimens (300 mm × 300 mm × 50 mm) are prepared according to the above mixing ratio, and then cut into 150 mm × 150 mm × 50 mm specimens as the asphalt mixture specimens for microwave deicing and the snow test. Then, the 150 mm × 150 mm × 150 mm cement concrete specimens are prepared in the mixture ratio of 300 kg of cement, 128 kg of water, 4 kg of superplasticizer, 662 kg of sand, and 1405 kg of stone per 1 m 3 . The specimens are cured in an environmentally-controlled room at 20 C and 95% relative humidity for 28 days.
An ice layer is prepared in a refrigerator at a temperature of −20 • C, and then placed on the test piece. After that, an appropriate amount of water was added to bond the ice layer and test piece in a low temperature environment to prepare an experimental ice-covered specimen. The microwave deicing device for testing is a kind of simple microwave dark room developed for the development of open microwave equipment. The dark room cavity size is about 1.5 m × 1 m × 2 m. The device consists of a magnetron, a waveguide, a height adjustment plate, a ruler, a cooling system, and a circuit system. The microwave darkroom and the internal simple diagram of the device are shown in Figure 4 . The microwave radiation generated by the magnetron propagates downward along the direction of the waveguide and reaches the waveguide opening. It will continue to spread to the ice surface of the test sample, then through the ice layer, radiate to the concrete surface, then heat the concrete, and, under microwave radiation, the surface temperature of the concrete increases. According to the IEC (International Electrotechnical Commission) standard, at a distance of 5 cm from the microwave emitter, the electric field intensity (E) is about 5 kv/m, where the measured microwave radiation intensity is much higher than 5 mW/cm 2 , indicating that the microwave radiation has a certain influence on the test personnel. Electromagnetic radiation has a certain accumulation effect. In the test, it is necessary to strengthen the protection. At the same time, the testers need to wear shielded clothing and the test needs to be completed in a closed environment. The distance from the surface of the fixed test sample to the waveguide mouth is 50 mm, the thickness of the ice layer is 50 mm, and a thermocouple is placed at the interface between the concrete surface and the ice layer to record the temperature change.
The efficiency of deicing is equal to the difference divided by the heating time, which is between 0 • C and the initial temperature at the junction of the ice and concrete. The calculated equation is as follows:
where T 1 indicates that the temperature is 0 • C; T 2 is the initial temperature at the junction of the ice and concrete; and t is the time taken for the junction of the ice and concrete to be from the initial temperature to 0 • C. T indicates that the temperature is 0 °C; 2 T is the initial temperature at the junction of the ice and concrete; and t is the time taken for the junction of the ice and concrete to be from the initial temperature to 0 °C. 
Results and Discussion
Microwave Frequency
Microwave energy is absorbed as it passes through the material, and the ability to convert to heat energy is related to the microwave frequency. The depths of microwave heating road materials with different frequencies are different, which will cause different microwave energies to be concentrated on the surface of the road surface, thus changing the time when the junction between the ice layer and the road reaches 0 °C, and change the deicing efficiency. 2.45 GHz magnetron is widely used in microwave ovens or industrial microwave equipment, and its average market price is about 100 yuan, while the average price of 5.8 GHz magnetron is over 10,000 yuan, and the unit price is more than 100 times compared with that of 2.45 GHz magnetron. The cost is high, and the price comparison chart of different frequencies is as shown in Table 6 . The working frequency of industrial microwave heating is 915 MHz or 2.45 GHz. Compared with 2.45 GHz radiation, the heating efficiency of 5.8 GHz radiation is higher and the penetration depth is smaller. Microwave deicing efficiency increases with microwave frequency increasing. Combined with the current microwave deicing study, the frequency of 2.45 GHz is used, and the deicing of 5.8 GHz microwave is proposed to improve the microwave deicing efficiency. In this paper, the de-icing efficiency at the common microwave frequencies of 2.45 GHz and 5.8 GHz is studied from finite element simulations and indoor experiments. When the initial temperature of the ice layer and asphalt concrete surface layer is −10 °C, the output power of the microwave is 1000 W, the ice layer thickness is 50 mm, and the emitter is 50 mm away from the ice surface. The model is used to analyze the de-icing process with microwave emission frequencies of 2.45 GHz and 5.8 GHz. The simulation of the temperature field under 
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Microwave energy is absorbed as it passes through the material, and the ability to convert to heat energy is related to the microwave frequency. The depths of microwave heating road materials with different frequencies are different, which will cause different microwave energies to be concentrated on the surface of the road surface, thus changing the time when the junction between the ice layer and the road reaches 0 • C, and change the deicing efficiency. 2.45 GHz magnetron is widely used in microwave ovens or industrial microwave equipment, and its average market price is about 100 yuan, while the average price of 5.8 GHz magnetron is over 10,000 yuan, and the unit price is more than 100 times compared with that of 2.45 GHz magnetron. The cost is high, and the price comparison chart of different frequencies is as shown in Table 6 . The working frequency of industrial microwave heating is 915 MHz or 2.45 GHz. Compared with 2.45 GHz radiation, the heating efficiency of 5.8 GHz radiation is higher and the penetration depth is smaller. Microwave de-icing efficiency increases with microwave frequency increasing. Combined with the current microwave deicing study, the frequency of 2.45 GHz is used, and the deicing of 5.8 GHz microwave is proposed to improve the microwave deicing efficiency. In this paper, the de-icing efficiency at the common microwave frequencies of 2.45 GHz and 5.8 GHz is studied from finite element simulations and indoor experiments. When the initial temperature of the ice layer and asphalt concrete surface layer is −10 • C, the output power of the microwave is 1000 W, the ice layer thickness is 50 mm, and the emitter is 50 mm away from the ice surface. The model is used to analyze the de-icing process with microwave emission frequencies of 2.45 GHz and 5.8 GHz. The simulation of the temperature field under different frequencies is shown in Figure 5 . As shown in Figure 6 , when the microwave emission frequencies are 2.45 GHz and 5.8 GHz, respectively, the temperature at the center point, G, changes with time. It can be seen from Figure 6 that the temperature at the center point, G, rises continuously as time increases under the influence of the microwave energy. At different transmission frequencies, the time for point G to reach 0 °C is different, and its time is 280 s and 65 s, respectively. It can be concluded that the 5.8 GHz ice-melting efficiency is 4.31 times more than that of 2.45 GHz. Under the same conditions, the deicing efficiency at the frequency of 5.8 GHz was greatly improved, and the ice-melting time only required 65 s. From a molecular point of view, microwaves polarize molecules and cause regular and intense movements of the molecules. This movement causes molecules to rub against each other and produce a lot of heat, which causes the material to be heated. When the As shown in Figure 6 , when the microwave emission frequencies are 2.45 GHz and 5.8 GHz, respectively, the temperature at the center point, G, changes with time. As shown in Figure 6 , when the microwave emission frequencies are 2.45 GHz and 5.8 GHz, respectively, the temperature at the center point, G, changes with time. It can be seen from Figure 6 that the temperature at the center point, G, rises continuously as time increases under the influence of the microwave energy. At different transmission frequencies, the time for point G to reach 0 °C is different, and its time is 280 s and 65 s, respectively. It can be concluded that the 5.8 GHz ice-melting efficiency is 4.31 times more than that of 2.45 GHz. Under the same conditions, the deicing efficiency at the frequency of 5.8 GHz was greatly improved, and the ice-melting time only required 65 s. From a molecular point of view, microwaves polarize molecules and cause regular and intense movements of the molecules. This movement causes molecules to rub against each other and produce a lot of heat, which causes the material to be heated. When the frequency is changed from 2.45 GHz to 5.8 GHz, the speed and amplitude of polar molecules will It can be seen from Figure 6 that the temperature at the center point, G, rises continuously as time increases under the influence of the microwave energy. At different transmission frequencies, the time for point G to reach 0 • C is different, and its time is 280 s and 65 s, respectively. It can be concluded that the 5.8 GHz ice-melting efficiency is 4.31 times more than that of 2.45 GHz. Under the same conditions, the deicing efficiency at the frequency of 5.8 GHz was greatly improved, and the ice-melting time only required 65 s. From a molecular point of view, microwaves polarize molecules and cause regular and intense movements of the molecules. This movement causes molecules to rub against each other and produce a lot of heat, which causes the material to be heated. When the frequency is changed from 2.45 GHz to 5.8 GHz, the speed and amplitude of polar molecules will increase accordingly, and the motion will become even stronger. The more heat the friction generates, the faster the ice at the interface will melt into water. Water can absorb a large amount of microwave energy and accelerate the melting of ice on the junction between the road surface and the ice layer. Therefore, the ice melting time is reduced and the efficiency is improved at high frequencies. Therefore, increasing the microwave frequency can improve the deicing efficiency.
The temperature field distribution of asphalt concrete is shown in Figures 5 and 7 . When the surface temperature of asphalt concrete specimen reaches 0 • C, the temperature of the ice surface is the lowest, and the concrete specimen first rises with the depth, and reaches the peak value of 12 mm. After that, the temperature decreases as the depth increases. Under 2.45 GHz microwave radiation, the depth of the temperature rise is even higher. The reason for this phenomenon may be that on the one hand, the microwave heating time of 2.45 GHz (280 s) is longer than the microwave heating time of 5.8 GHz (65 s), and the sample under 2.45 GHz absorbs more heat. On the other hand, from the perspective of energetics, when the microwaves heat the road surface, the microwave energy absorbed by the surface of the road is the most. As the depth of the road surface increases, the transformed microwave energy absorbed by the deeper position of the pavement layer is gradually reduced, and this process appears as an exponential decay. Therefore, there is a heating depth indicator when heating the road surface by microwaves. Heating depth refers to the depth of the node from the surface when the microwave power decays from the surface of the material to an initial value, 1 e , or 0.3679 times. The heating depth, D, is calculated as follows:
The formula for calculating the wavelength and frequency is:
where λ 0 is the free space wavelength of the microwave; ε r is the relative dielectric constant; tan δ is the loss angle constant; and c = 3 × 10 8 m/s. The heating depth is given by Equations (5) and (6):
D is an inverse function of the microwave emission frequency. Compared to the microwave emission frequency of 2.45 GHz, the heating depth decreases when the frequency is 5.8 GHz. That is, the microwave energy is mainly absorbed by the surface layer of the pavement and converted into heat energy, which can quickly transfer the thermal energy of the surface layer to the junction of the ice layer and the surface layer, and quickly melt the ice. On the contrary, when the microwave emission frequency is 2.45 GHz, the heating depth increases; that is, the microwave energy is absorbed within a relatively large depth, and the heat transfer time is correspondingly increased, so the efficiency of deicing and snow removal is correspondingly reduced. Therefore, it can be concluded that microwaves with a frequency of 5.8 GHz are more suitable for road deicing. 
Experimental Research
According to the controlling variable method, the ice thickness of the test piece is controlled to be 50 mm, the microwave emission power is 1000 W, and the distance from the test piece to the waveguide port is 50 mm. The specimens are placed in the test device and tested at microwave frequencies of 2.45 GHz and 5.8 GHz. Place the beaker filled with water on both sides of the specimen to absorb the microwave energy not absorbed by the specimen. A thermocouple between the asphalt concrete and the ice layer records the temperature change of the concrete surface, and the influence of different microwave frequencies on the heating efficiency is obtained, thereby reflecting the effect on the efficiency of the microwave deicing and snow removal.
The ice after microwave irradiation is shown in Figure 8 . It can be clearly seen that a large hole appeared in the ice layer, which resembles a bowl-shaped depression, indicating that ice melts first from the part near the concrete surface. The ice layer on the ice surface and the concrete surface melt into water. The water absorbs microwave energy in a large amount, accelerating the melting of the ice layer at the interface, and reducing the bond stress at the joint of the ice surface layer. Therefore, the ice layer is easily removed by mechanical means. This phenomenon also shows that the microwave absorption capacity of the ice layer is weak, and microwaves can penetrate the ice layer to directly heat the concrete. A thermocouple between the asphalt concrete and the ice layer records changes of the temperature in the concrete surface. The results are shown in Table 7 . The average temperature rise 
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The ice after microwave irradiation is shown in Figure 8 . It can be clearly seen that a large hole appeared in the ice layer, which resembles a bowl-shaped depression, indicating that ice melts first from the part near the concrete surface. The ice layer on the ice surface and the concrete surface melt into water. The water absorbs microwave energy in a large amount, accelerating the melting of the ice layer at the interface, and reducing the bond stress at the joint of the ice surface layer. Therefore, the ice layer is easily removed by mechanical means. This phenomenon also shows that the microwave absorption capacity of the ice layer is weak, and microwaves can penetrate the ice layer to directly heat the concrete. A thermocouple between the asphalt concrete and the ice layer records changes of the temperature in the concrete surface. The results are shown in Table 7 . The average temperature rise A thermocouple between the asphalt concrete and the ice layer records changes of the temperature in the concrete surface. The results are shown in Table 7 . The average temperature rise rate at 2.45 GHz is 0.032 • C S −1 , the average temperature rise rate at 5.8 GHz is 0.0.149 • C S −1 , and the average temperature rise rate at 5.8 GHz is 4.6 times that of the 2.45 GHz microwaves. Comparison of deicing rates between indoor tests and simulations of different frequencies is shown in Figure 9 . The results also show that there is no correlation between the initial temperature and the temperature rise rate, but it will affect the ice melting time. The higher the initial temperature, the shorter the ice melting time. The test results are very close to the results of the simulation model, demonstrating the reliability of the simulation model. However, the comparison shows that the deicing efficiency obtained by the test is slightly lower than the simulation results. This is because in the simulation model, assuming that the analysis area is insulated on all four sides, the microwave heat loss is all used to melt the ice. In actual experiments, this cannot be completely achieved. Comparison of deicing rates between indoor tests and simulations of different frequencies is shown in Figure 9 . The results also show that there is no correlation between the initial temperature and the temperature rise rate, but it will affect the ice melting time. The higher the initial temperature, the shorter the ice melting time. The test results are very close to the results of the simulation model, demonstrating the reliability of the simulation model. However, the comparison shows that the deicing efficiency obtained by the test is slightly lower than the simulation results. This is because in the simulation model, assuming that the analysis area is insulated on all four sides, the microwave heat loss is all used to melt the ice. In actual experiments, this cannot be completely achieved. 
Pavement Structural Materials
Road pavement structure materials mainly include cement concrete and asphalt concrete. The characteristic parameters of different pavement materials are different, which in turn leads to different deicing efficiencies. This paper simulates and tests the de-icing efficiency of different road pavement materials at 2.45 GHz and 5.8 GHz.
Simulation Research
It can be seen from Table 1 that the cement concrete parameters are larger than asphalt concrete. According to the principle of microwave deicing, it can be qualitatively concluded that the deicing efficiency of cement concrete pavement is higher than that of asphalt concrete. In the simulation model, the initial temperature of the ice layer and the pavement layer is set to −10 °C, the output power of the microwave is 1000 W, the thickness of the ice layer is 10 mm, and when the emission frequency is 2.45 GHz, the emission port distance from the pavement layer is 50 mm to simulate the de-icing process of different road materials. The de-icing simulation of different pavement materials 
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It can be seen from Table 1 that the cement concrete parameters are larger than asphalt concrete. According to the principle of microwave deicing, it can be qualitatively concluded that the deicing efficiency of cement concrete pavement is higher than that of asphalt concrete. In the simulation model, the initial temperature of the ice layer and the pavement layer is set to −10 • C, the output power of the microwave is 1000 W, the thickness of the ice layer is 10 mm, and when the emission frequency is 2.45 GHz, the emission port distance from the pavement layer is 50 mm to simulate the de-icing process of different road materials. The de-icing simulation of different pavement materials at 2.45 GHz frequency is shown in Figure 10 . The temperature change of concrete G points of different pavement materials at 2.45 GHz and 5.8 GHz is shown in Figure 11 . Figure 10 . The temperature change of concrete G points of different pavement materials at 2.45 GHz and 5.8 GHz is shown in Figure 11 .
(a) Cement concrete (b) Asphalt concrete According to the simulation results, at the frequency of 2.45 GHz, the time for the G point of the cement concrete pavement reaching 0 °C is 71 s, the temperature rise rate is 0.139 °C S −1 , and the time for the point, G, of the asphalt concrete pavement reaching 0 °C is 280 s, the temperature rise rate is 0.036 °C −1 . The ice-melting efficiency of cement concrete is 3.89 times that of the asphalt concrete. From Table 1 , the relative dielectric constant of asphalt concrete is 4.5~6.5, the loss angle constant is 0.015~0.036, and the relative dielectric constant is 8, and the loss angle constant is 0.048. By formula (1)'s calculation, it can be concluded that cement concrete has a stronger ability to absorb microwave heat than asphalt concrete, so under the action of microwave, cement concrete has a higher melting ice efficiency.
It can be seen from Figure 12 . that at the frequency of 5.8 GHz, the time for the point, G, to reach 0 °C at the center point of the cement concrete pavement is 13 s, the temperature rise rate is 0.77 °C S −1 , and the time for the point, G, to reach 0 °C at the center point of the asphalt concrete pavement is at 2.45 GHz frequency is shown in Figure 10 . The temperature change of concrete G points of different pavement materials at 2.45 GHz and 5.8 GHz is shown in Figure 11 .
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It can be seen from Figure 12 . that at the frequency of 5.8 GHz, the time for the point, G, to reach 0 • C at the center point of the cement concrete pavement is 13 s, the temperature rise rate is 0.77 • C S −1 , and the time for the point, G, to reach 0 • C at the center point of the asphalt concrete pavement is 65 s, the temperature rise rate is 0.15 • C −1 , which shows that the ice-melting efficiency of cement concrete is 5.23 times that of asphalt concrete. From Table 1 , the relative dielectric constant of asphalt concrete is 4.5~6.5, the loss angle constant is 0.015~0.036, and the relative dielectric constant is 8, and the loss angle constant is 0.048. At 5.8 GHz microwave frequency, f is higher than 2.45 GHz. By formula (1), it can be concluded that cement concrete has a stronger ability to absorb microwave heat than asphalt concrete. The higher the frequency is, the more obvious the gap is. Therefore, under the effect of strong microwaves, the cement concrete ice melting efficiency is higher.
Microwaved ice is a very complicated process, and there are many factors that affect the deicing of microwaves, and they are complicated and cross-influenced. It is not sufficient to analyze the effect of these variable factors on the efficiency of microwave deicing and snow removal by temperature field simulation alone. Therefore, this paper analyzes the test and compares it with the results of temperature field simulation. Table 1 , the relative dielectric constant of asphalt concrete is 4.5~6.5, the loss angle constant is 0.015~0.036, and the relative dielectric constant is 8, and the loss angle constant is 0.048. At 5.8 GHz microwave frequency, f is higher than 2.45 GHz. By formula (1), it can be concluded that cement concrete has a stronger ability to absorb microwave heat than asphalt concrete. The higher the frequency is, the more obvious the gap is. Therefore, under the effect of strong microwaves, the cement concrete ice melting efficiency is higher. Microwaved ice is a very complicated process, and there are many factors that affect the deicing of microwaves, and they are complicated and cross-influenced. It is not sufficient to analyze the effect of these variable factors on the efficiency of microwave deicing and snow removal by temperature field simulation alone. Therefore, this paper analyzes the test and compares it with the results of temperature field simulation. 
Experimental Research
According to the controlling variable method, the relevant variables are controlled, and the test pieces of different materials are placed in microwave devices and tested at 2.45 GHz and 5.8 GHz, respectively. Thermocouples record the temperature changes on the concrete surface and obtain different road materials' microwave de-icing efficiency at different microwave frequencies, as shown in Tables 8 and 9 . 
According to the controlling variable method, the relevant variables are controlled, and the test pieces of different materials are placed in microwave devices and tested at 2.45 GHz and 5.8 GHz, respectively. Thermocouples record the temperature changes on the concrete surface and obtain different road materials' microwave de-icing efficiency at different microwave frequencies, as shown in Tables 8 and 9 . As shown in Tables 5 and 6 , at 2.45 GHz, the average temperature rise rate of cement concrete is 0.124 • C S −1 , the average temperature rise rate of asphalt concrete is 0.031 • C S −1 , and the temperature increase rate of cement concrete is 4.03 times that of asphalt concrete. At 5.8 GHz, the average temperature rise rate of cement concrete is 0.717 • C S −1 , the average temperature rise rate of asphalt concrete is 0.136 • C S −1 , and the temperature increase rate of cement concrete is 5.26 times that of asphalt concrete.
A comparison of deicing rates between indoor tests and simulations of different road materials is shown in Figure 13 . The initial temperature has almost no effect on the temperature rise efficiency. It shows that at the same frequency, cement concrete has a better effect of increasing the temperature of absorbing microwave energy than asphalt concrete, and the de-icing effect of cement concrete pavement with microwaves is better. The higher the frequency, the more pronounced the deicing efficiency difference between the two pavement materials. The result is basically consistent with the simulation result, and the accuracy of the simulation model is verified again. Tables 5 and 6 , at 2.45 GHz, the average temperature rise rate of cement concrete is 0.124 °C S −1 , the average temperature rise rate of asphalt concrete is 0.031 °C S −1 , and the temperature increase rate of cement concrete is 4.03 times that of asphalt concrete. At 5.8 GHz, the average temperature rise rate of cement concrete is 0.717 °C S −1 , the average temperature rise rate of asphalt concrete is 0.136 °C S −1 , and the temperature increase rate of cement concrete is 5.26 times that of asphalt concrete.
A comparison of deicing rates between indoor tests and simulations of different road materials is shown in Figure 13 . The initial temperature has almost no effect on the temperature rise efficiency. It shows that at the same frequency, cement concrete has a better effect of increasing the temperature of absorbing microwave energy than asphalt concrete, and the de-icing effect of cement concrete pavement with microwaves is better. The higher the frequency, the more pronounced the deicing efficiency difference between the two pavement materials. The result is basically consistent with the simulation result, and the accuracy of the simulation model is verified again. 
Conclusions
Based on microwave heating and the microwave ice mechanism, a simulation model was established by the finite element method. The influence of microwave frequency and road structural material on microwave deicing efficiency was analyzed. A microwave deicing device was used to perform an indoor verification test. By comparison, the experimental results were basically consistent with the simulation results, verifying the accuracy of the simulation model. Some conclusions can be obtained:
(1) Different microwave frequencies have a great influence on microwave de-icing efficiency. Under the same conditions, the microwave deicing efficiency of 5.8 GHz is 4.31 times that of 2.45 GHz, and microwaves with a frequency of 5.8 GHz are more suitable for pavement deicing. (2) At the same microwave frequency, the microwave absorption efficiency of different road structure materials is also different. The ice-melting efficiency of cement concrete is 3.89 times (2.45 GHz) and 5.23 times (5.8 GHz) that of asphalt concrete, respectively. 
(1) Different microwave frequencies have a great influence on microwave de-icing efficiency.
Under the same conditions, the microwave deicing efficiency of 5.8 GHz is 4.31 times that of 2.45 GHz, and microwaves with a frequency of 5.8 GHz are more suitable for pavement deicing. (2) At the same microwave frequency, the microwave absorption efficiency of different road structure materials is also different. The ice-melting efficiency of cement concrete is 3.89 times (2.45 GHz) and 5.23 times (5.8 GHz) that of asphalt concrete, respectively.
(3) At the same frequency, the effect of a temperature increase of the microwave energy absorbed by cement concrete is better than that of asphalt concrete. The effect of microwave deicing on cement concrete pavement is better. Additionally, the higher the frequency is, the more obvious the difference in the microwave energy absorbed by cement concrete and asphalt concrete is. (4) As a new type of green deicing method, microwave deicing can overcome the shortcomings of traditional deicing methods, such as mechanical deicing and the chemical method, and it has a good development trend. We should pay more attention to the application of high frequency deicing and microwave deicing in cement concrete pavement. There are many factors that affect the deicing efficiency. If the multi-layer environment, such as air, ice, concrete, etc., and the thickness of each layer can be fully considered, this paper will be more complete. Next, we will further study the output power and different ice thicknesses at the same frequency.
